The South Altyn Tagh continental high-pressure-ultra-high-pressure (HP-UHP) metamorphic belt in West China is claimed to host the most deeply subducted (>300 km) part of Earth's continental crust, based on the presence of pseudomorphs and paramorphs after stishovite. Felsic granulites that occur as tectonic blocks in the HP-UHP belt have protoliths of high-(sample A761) and low-Ca (sample A1501) potassic granitoid. Both consist of garnet, kyanite, perthite, plagioclase, quartz, rutile, biotite and minor spinel and corundum. Four generations of mineral assemblages (I-IV) were distinguished for constraining the P-T evolution using pseudosection modelling calculated with THERMOCALC. The first generation of assemblages (I) represented by the remarkable chemical zoning in garnet core (I-a) and mantle (I-b) domains from high-Ca sample A761 is interpreted to record an early prograde evolution to the peak UHP eclogite facies stage, with P-T conditions of 3-7 GPa/700-1100 C, where the fluid-phase is modelled to be absent. The peak UHP conditions are also supported by clinopyroxene exsolution in garnet and low Al 2 O 3 in orthopyroxene in interlayered garnet clinopyroxenites and peridotites. The second generation of assemblages is characterized by the formation of coronate/atoll-like garnet around kyanite or perthite (II-a), and by the formation of ternary feldspar and plagioclase coronas (II-b). The former is attributed to decompression evolution in supra-solidus eclogite facies conditions from 2Á8 to 2Á4 GPa for a fixed temperature of 1000 C. The latter is suggested to reflect decompression in high-pressure-ultrahigh-temperature (HP-UHT) granulite facies conditions (2Á5-1Á4 GPa/1000-1090 C for A1501, 2Á4-1Á75 GPa/970-1040 C for A761) on the basis of the anorthite content of rehomogenized perthite and plagioclase, and compositional zoning in garnet rim domains. The third generation of mineral assemblages is marked by the formation of micro-grained aggregates of spinel þ corundum 6 plagioclase (III) between garnet and kyanite and is suggested to reflect a further rapid decompression to low pressure (LP) granulite facies conditions at $0Á3-0Á4 GPa/900-1000 C. The fourth generation of mineral assemblages characterized by the later growth of biotite, together with very fine grains of quartz and feldspar (IV), is interpreted to indicate an isobaric cooling evolution with residual melt crystallization towards the water-saturated solidus at $680 C and 0Á3 GPa. LA-ICP-MS zircon U-Pb dating for sample A1501 yields two distinct age groups: c.900 Ma magmatic protolith ages and c.500 Ma metamorphic ages, where the metamorphic ages are interpreted to represent the late isobaric cooling stage. Geodynamically, it is possible that a continental slab represented by the felsic granulites may have subducted to depths of >120-200 km, and was then exhumed rapidly to the base of thickened crust to form the typical HP-UHT granulite facies assemblages observed in the South Altyn Tagh.
INTRODUCTION
The compelling discoveries of coesite (Chopin, 1984; Smith, 1984) and diamond (Sobolev & Shatsky, 1990; Xu et al., 1992) in metamorphic rocks of continental affinity established the concept of deep continental subduction to mantle depths. This has since become widely accepted in an increasing number of reports, based on a series of diagnostic mineral and microstructural occurrences (e.g. Hwang et al., 2000; Ye et al., 2000; Ogasawara et al., 2002; Han et al., 2015) . Most UHP terranes are thought to have been buried to depths between 100 and 200 km (Liou et al., 2004 (Liou et al., , 2014 Ernst & Liou, 2008; Hermann & Rubatto, 2014 and references therein) , and exhumed as a consequence of the positive buoyancy of the predominant felsic rocks in a host of basic or ultra-basic mantle (Ernst et al., 1997; Ernst, 2004) . However, due to the retrograde evolution, these felsic rocks are generally preserved as amphibolite-granulite facies assemblages (e.g. Massonne, 2003; Hermann & Rubatto, 2014 and references therein). Among them, HP quartzofeldspathic granulites are reported to be common in some continental subduction-collision zones, such as the Bohemian Massif in Europe (e.g. O'Brien, 2008) , the South Altyn Tagh in China , and Fiordland in New Zealand (Clarke et al., 2013) . Granulites in these terranes are commonly interlayered with eclogites (Nakamura et al., 2004; Liu et al., 2012) and peridotites that record UHP conditions (Naemura et al., 2009; Wang et al., 2011; Kotková & Janá k, 2015) . Quartzofeldspathic granulites in these terranes are characterized by: (i) the preservation of a HP granulite assemblage involving garnet, kyanite, perthite, plagioclase and quartz, indicating peak conditions of P > 1Á5 GPa and T$1000 C (e.g. Zhang et al., 2005; Kotková , 2007; O'Brien, 2008; De Paoli et al., 2012) ; (ii) microtextures involving garnet and plagioclase as coronas around kyanite porphyroblasts, successively, and micro-grained aggregates consisting of spinel and corundum, with or without plagioclase, between garnet and kyanite (Kotková , 2007; Taj cmanová et al., 2007 Taj cmanová et al., , 2011 Stípská et al., 2010) ; (iii) garnet porphyroblasts that preserve pronounced core to rim zoning involving increasing pyrope component (e.g. Carswell & O'Brien, 1993; Zhang et al., 2005; Kotková & Harley, 2010) , where some of them were reported to contain microdiamonds indicative of UHP metamorphism (e.g. Kotková et al., 2011; Perraki & Faryad, 2014; Haifler & Kotková , 2016) ; and (iv) abundant magmatic zircon and limited anatectic leucosomes (Krö ner et al., 2000; Zhang et al., 2005; Slá ma et al., 2007; Friedl et al., 2011) . Although a number of investigations have been carried out on the granulites, many issues remain ambiguous or questionable. For instance, were all these quartzofeldspathic granulites subducted to depths exceeding 150-200 km as suggested from the presence of a-PbO 2 type TiO 2 and diamond (Hwang et al., 2000; Nasdala & Massonne, 2000; Massonne, 2003) ? Why did no or very limited melting occur? What metamorphic reactions dominate the subduction and exhumation of continental materials represented by the felsic granulites?
In this study, we investigate representative samples of felsic granulite from the South Altyn Tagh. Wholerock and mineral chemical data, as well as phase equilibria modelling, are presented to recover P-T conditions and trajectories, and place the mineral textures and metamorphic history recorded by the felsic granulites in the context of the proposed deep burial. Zircon LA-ICP-MS U-Pb data are also presented to constrain the timing of the metamorphism. We aim to provide more insights into the questionable issues mentioned above.
Following Holland & Powell (2011) , the mineral abbreviations used are: alm, almandine; ap, apatite; bi, biotite; cd, cordierite; coe, coesite; cor, corundum; dia, diamond; g, garnet; gph, graphite; grs, grossular; hb, hornblende; ilm, ilmenite; kcm, K-cymrite; ksp, K-feldspar; ky, kyanite; liq, silicate liquid/melt; mon, monazite; mu, muscovite; o, omphacite; per, perthite; pl, plagioclase; prp, pyrope; q, quartz; ru, rutile; sill, sillimanite; sp, spinel; sps, spessartine; stv, stishovite; ttn, titanite; wa, wadeite.
GEOLOGICAL SETTING
The Altyn orogen marks the north margin of the Tibetan Plateau and is bounded by the Tarim basin to the northwest and the Qaidam basin to the southeast (Fig. 1a) . It can be divided into four main tectonic units from north to south: (I) the North Altyn Archean terrain; (II) the North Altyn subduction-accretionary belt; (III) the Central Altyn massif; and (IV) the South Altyn subduction-collision belt (Fig. 1b) Liu et al., 2002; Zhang et al., 2005) . Unit I comprises amphibolite to granulite facies metamorphic rocks with protolith ages between 2Á5 and 2Á8 Ga and metamorphic ages of 1Á8-2Á0 Ga, and is considered to be the basement of the Tarim craton (Che & Sun, 1996; Lu et al., 2008; Zhang et al., 2013) . Unit II is composed of clastic, volcanic and intrusive rocks, as well as high-pressure/ low-temperature metamorphic blocks and an ophiolite suite formed at 479Á4 6 8Á5 Ma (Yang et al., 2008) . Unit III, also known as the MilanheJinyanshan massif , is dominated by a thick series of weakly metamorphosed clastic sedimentary rocks of Mesoproterozoic to Neoproterozoic age (XACGS, 2003; Wang et al., 2013) .
The South Altyn subduction-collision belt (IV) is subdivided into the South Altyn HP-UHP metamorphic sub-belt (IV 1 ) and the Mangya ophiolitic mé lange zone (IV 2 ), extending over 250 km from Mangya to Qiemo (Fig. 1b, c) . The Mangya ophiolitic mé lange zone is composed of mafic-ultramafic rock slices and flysch sediments for which mafic volcanic rocks yield whole-rock Sm-Nd isochron ages between 481 and 493 Ma, indicating the existence of an early Paleozoic ocean (Liu et al., 1998) . The South Altyn HP-UHP metamorphic sub-belt is dominated by the Altun group of mostly amphibolite facies rocks to the north and subordinate Neoproterozoic Baxkorgan group and Surkuli group of greenschist or sub-greenschist facies rocks to the south (Wang et al., 2011; Cao et al., 2015) (Fig. 1c) . The Altun group comprises felsic gneisses with layers and blocks of HP-UHP rocks including pelitic gneisses, eclogites, garnet peridotites and granulites Liu et al., 2007 Liu et al., , 2009 Wang et al., 2011; Li et al., 2015) . The felsic gneisses are granitic and have protolith ages between 900 and 940 Ma, which are considered to be those of syn-collision granitoids emplaced during a Grenville-age orogeny Wang et al., 2013) . HP and UHP rocks are primarily exposed at Jianggalesayi, Danshuiquan and Bashiwake (Fig. 1c) . Coesite-bearing eclogites at Jianggalesayi (Fig. 1c) are suggested to have experienced P-T conditions of 2Á8-3Á0 GPa and 820-850 C Liu et al., 2012; Gai et al., 2017) . However, the occurrences of long prism, polycrystalline quartz aggregates and square/ parallelogram-shaped single-phase quartz inclusions in omphacite and garnet in UHP eclogites (Liu et al., 2018) , and also oriented kyanite þ spinel exsolution in quartz within pelitic gneisses at the same locality are considered evidence of former stishovite, and indicate a minimum pressure condition of $9-12 GPa (Liu et al., 2007 (Liu et al., , 2018 . HP pelitic granulites discovered in the Danshuiquan area with garnet-pyroxenites lenses inside are considered to record P-T conditions of >1Á1 GPa and 850 C (Cao et al., 2009) . A semicircular UHT granulite block with a radius of $5 km at Bashiwake is separated from surrounding amphibolite facies gneisses by sinistral strike-slip shear zones (Fig. 1d) . It consists mainly of felsic granulite intercalated with a few lenses of mafic granulite, garnet peridotite/clinopyroxenite and garnetite (Fig. 2a-c) . These lenses range from 5-50 m long and 3-30 m wide and are considered to be pieces of layered mafic-ultramafic cumulates emplaced into the continental crust during the Neoproterozoic (Wang et al., 2011; Li et al., 2015) . The felsic and mafic granulites have been interpreted to record peak conditions of 1Á.85-2Á53 GPa and 930-1020 C, that were followed by cooling and decompression in the kyanite field . However, the presence of supersilicic titanite in the felsic granulites has led to a higher pressure estimate of 3Á7-4Á3 GPa (Liu et al., 2004) . The garnet clinopyroxenites are considered to record peak conditions above 7 GPa and $1000 C, based on the observations of clinopyroxene exsolution in garnet and magnetite exsolution in ilmenite (Liu et al., 2005) . However, the garnet peridotites are estimated to show very different P-T conditions of 4Á2-6Á0 GPa/920-990 C (Wang et al., 2011) and 1Á85-2Á73 GPa/870-1050 C based on conventional thermobarometry, due to the variation of Al 2 O 3 content in orthopyroxene.
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Zircon U-Pb dating of the HP-UHP felsic/mafic granulites, eclogites and garnet peridotites/clinopyroxenites from the South Altyn subduction-collision belt yields relatively uniform metamorphic ages of 487-509 Ma, but a range of protolith ages between 730 and 936 Ma Liu et al., 2009; Wang et al., 2011 Wang et al., , 2013 Li et al., 2015) . Numerous studies of the Cambro-Ordovician igneous and metamorphic rocks within the South Altyn subduction-collision belt indicate a tectonic evolution involving oceanic subduction before 517 6 1Á7 Ma, continental subduction between 505 and 472 Ma, a transition from convergence to extension between 467 and 450 Ma and post-collision crustal extension between 432 and 385 Ma (e.g. Liu et al., 2012 Liu et al., , 2015 Kang et al., 2015 and references therein).
BULK-ROCK COMPOSITIONS
Ten representative samples of felsic granulite were collected from the semicircular granulite block in the Bashiwake area (Fig. 1d) . Bulk-rock compositions were determined using a Leeman Prodigy inductively coupled plasma-optical emission spectroscopy (ICP-OES) system with high dispersion Echelle optics at the China University of Geoscience (Beijing); the results are presented in Table 1 . They show high SiO 2 (66Á90-74Á81 wt %) and K 2 O (4Á16-6Á25 wt %) contents (Fig. 3a) . Calcium oxide contents range from 0Á67 to 3Á08 wt %, and negatively correlate with silica content. The samples can be subdivided into high-and low-Ca types on the basis of the average CaO (2Á06 wt %) of global granitoids (Fig. 3b , Li et al., 1997) 
values are 0Á86-1Á18. The rocks are very similar to felsic granulites from Bohemian Massif in major element composition (Fig. 3) (Janou sek et al., 2004) .
PETROGRAPHY AND MINERAL COMPOSITIONS
Microprobe analyses of minerals were performed using a JXA-8100 electron microprobe at the Laboratory of Orogenic Belts and Crustal Evolution of Peking University. The analyses were conducted under conditions of 15 kV accelerating voltage, a 10 nA current, with a beam diameter of 2 lm for all minerals except biotite (5 lm) and exsolution lamellae (spot). The counting times were 10-15 s. Natural and synthetic minerals from the SPI Company were used for standardization. Backscattered electron images (BSE) and compositional X-ray maps of garnet were obtained using an energy dispersive X-ray spectrometer (EDS),
an Oxford INCA X-MAX50 250 þ, installed on a FEI Quanta 650 FEG scanning electron microscope (SEM). The initial composition of ternary feldspar in the samples was calculated from the volume proportions and compositions of intergrown feldspar host and lamellae estimated by using the image analysis program Photoshop CS6Á0 and backscattered electron imagery (Fig. 4) , combined with the densities of the two feldspars (2Á67 and 2Á57 g/cm 3 for plagioclase and alkali feldspar, respectively; Smith (1974) ). Among the ten samples studied, we chose two representative ones from the low-and high-Ca types (samples A1501 & A761, respectively) for detailed study, in which the mineral assemblages, textural relations and garnet zoning are well preserved. Their petrographic characteristics are shown in Figs 4 and 5 and representative mineral analyses are listed in Table 2 .
Sample A1501 is a low-Ca type felsic granulite with CaO ¼1Á17 wt %. It comprises garnet (5 vol. %), perthite (54 %), quartz (36 %), plagioclase (3 %), kyanite (1 %) and minor amounts of rutile, spinel, corundum, apatite and ilmenite. Garnet and kyanite are present as porphyroblasts in a matrix consisting mainly of quartz and feldspar. Garnet occurs as rounded porphyroblasts 0Á2-1Á0 mm across, with inclusions of apatite, quartz and kyanite (Fig. 4a, b) and as atoll-like coronas that enclose kyanite, perthite and quartz ( Fig. 4c-e) . The garnet por- Fig. 6a) , with a more marked increase in X Prp (0Á18-0Á20) and X Alm (0Á60-0Á68), together with a decreased X Grs (0Á20-0Á12), in the rim (Fig. 6a) . The atoll-like garnet (Fig. 4c, e) has similar X Prp (0Á21-0Á22) and X Alm (0Á66-0Á68) to the rims of rounded garnet grains, but lower X Grs that also decreases outwards from 0Á10 to 0Á07. Perthite occurs as tabular grains of 0Á1-0Á4 mm size in the matrix or surrounded by atoll-like garnet (Fig. 4c, d ). Image analysis of perthite (Fig. 4c) suggests that its original composi- (Table 2) . Plagioclase occurs as coronas around kyanite/atoll-like garnet (Fig. 4a, e) and as fine grains of 0Á05-0Á20 mm in the matrix (Fig. 4d) , suggesting its formation later than the atoll-like garnet. The Peccerillo & Taylor, 1976) , where the grey shaded area represents felsic granulites from the Bohemian Massif after Janou sek et al., (2004) . (b) CaO-SiO 2 diagram, where the low-Ca and high-Ca subdivision is based on an average CaO value (¼ 2Á06 wt %) of global granitoids from Li et al. (1997) . UC, the average composition of the upper continental crust is from Taylor & Mclennan (1985) . A1501  74Á36  0Á25  12Á85  2Á06  0Á03  0Á33  1Á17  2Á51  5Á33  0Á14  0Á30  1Á07  A1507  74Á66  0Á25  12Á95  2Á52  0Á04  0Á38  1Á56  2Á04  5Á18  0Á14  0Á50  1Á10  A1508  73Á05  0Á35  13Á10  2Á81  0Á04  0Á94  1Á71  2Á32  5Á57  0Á18  0Á42  1Á01  A1520  70Á15  0Á71  13Á12  4Á33  0Á06  1Á12  1Á55  1Á88  5Á93  0Á13  0Á66  1Á06  A1524  73Á56  0Á23  12Á48  3Á35  0Á04  0Á34  1Á42  2Á26  4Á92  0Á14  0Á41  1Á07  A1525  74Á81  0Á15  12Á74  1Á81  0Á02  0Á14  0Á67  2Á25  6Á25  0Á16  0Á37  1Á09  High-Ca Type  A761  67Á36  0Á71  14Á99  5Á27  0Á07  1Á54  3Á08  2Á13  4Á45  0Á10  0Á77  1Á08  A1502  66Á90  0Á97  12Á96  6Á95  0Á11  0Á89  3Á02  2Á60  4Á82  0Á35  0Á41  0Á86  A1518  71Á34  0Á55  13Á79  3Á92  0Á05  0Á81  2Á23  1Á93  4Á16  0Á19  0Á40  1Á18  A1522  68Á8  0Á79  14Á04  4Á55  0Á06  1Á02  2Á45  2Á15  5Á24  0Á11  0Á39  1Á03 coronate plagioclase has X Pl An decreasing from 0Á32 in contact with kyanite to 0Á23 where it is in contact with the matrix minerals (A!B in Fig. 4a ) and the matrix plagioclase shows X PI An of 0Á22-0Á34 (Table 2 ). Spinel and corundum occur as fine-grained aggregates (<0Á01 mm), with or without plagioclase, between kyanite and garnet (Fig. 4a, e 0Á23-0Á27. Thin films of quartz and/or K-feldspar with cuspate shapes, that are interpreted to be melt remnants, can also be observed in the matrix (Fig. 4c ).
Apatite is 0Á05-0Á3 mm across and mostly shows evident exsolution lamellae of oriented monazite þ (Cu x Fe 1-x )S along the c-axis (Fig. 4f) . The above petrographic observations suggest three generations of mineral textural development in the 
Sum 7Á99 8Á00 8Á00 3Á00 5Á00 5Á00 5Á00 4Á97 felsic granulite sample A1501. The first generation (I) is represented by the cores of coarse-grained garnet, kyanite and perthite, together with quartz and rutile. The second generation (II) is characterized by the growth of atoll-like garnet (II-a) and plagioclase (II-b), along with the presence of kyanite, perthite, quartz, rutile and the rims of the coarse-grained garnet. The third generation (III) refers to the formation of spinel and corundum aggregates in local domains. Sample A761 is a high-Ca type felsic granulite with CaO ¼ 3Á08 wt %. It comprises garnet (14 vol. %), perthite (40 %), quartz (30 %), plagioclase (13 %), biotite (2 %), kyanite (0Á5 %) and minor amounts of rutile, spinel, corundum, apatite and ilmenite. Garnet occurs as rounded porphyroblasts with apatite and quartz inclusions (Fig. 5a ) and forms atoll-like coronas around kyanite, perthite and quartz (Fig. 5b, c) . Garnet porphyroblasts are 0Á4-1Á5mm across and exhibit pronounced compositional zoning (Figs 6b-d and 7). The zoning is asymmetric, assuming the center corresponds to point A (in Fig. 6d ) with minimum X Prp and X Mg , and maximum X Alm and X Sps and is subdivided into core (C), mantle (M) and Rim (R). The zoning profiles across the left half of the diagram (M!N) show subtly outwards decreasing X Sps (0Á02!0Á007), X Grs (0Á36!0Á31) and X Alm (0Á48!0Á46), along with increasing X Prp (0Á07!0Á22) contents in the core-mantle sections (C1!M1), followed by a sharp increase in X Alm (0Á46!0Á60) coupled with an abrupt decrease in X Grs (0Á31!0Á06) and a continuous increase in X Prp (0Á22!0Á33) as well as X Sps (0Á007!0Á015) contents outwards to the rim section. Correspondingly, X Mg increases from core to rim, but fluctuates in the outer rim, defining the subdivision of R1a and R1b (Fig. 6b, d ).
Although involving large uncertainties, Ti content also shows a core-mantle increase to a maximum value of 0Á013 p.f.u. (TiO 2 ¼ 0Á23 wt %) in the outer mantle section (M1) and then decreases sharply towards the rim (Fig. 6c) . Accordingly, the zoning across the right half of the garnet grain (M!N') is also divided into core/mantle/rim sections. The core domain (C2) is characterized by increasing X Prp (0Á07!0Á16) and decreasing in X Sps (0Á02!0Á012) contents with X Grs changing from an initial increase to decreased content (0Á40!0Á42!0Á38). The mantle section (M2) exhibits rapidly decreasing X Grs (0Á38!0Á32) and increasing X Prp (0Á16!0Á20) contents together with high Ti contents. The rim section shows a sharp increase of X Alm (0Á47!0Á59) coupled with an abrupt decrease of X Grs (0.32!0Á07) and a continuous increase of X Prp (0Á20!0Á33) as well as X Sps (0Á007!0Á010) outwards. The atoll-like coronas of garnet (Fig. 5b) are characterized by zoning involving outwards increasing X Alm (0Á55!0Á59), X Prp (0Á28!0Á31) and decreasing X Grs (0Á15!0Á12) contents, similar to the outer rim compositions (R1b & R2b) of the porphyroblastic garnet (Fig. 6d) . The core of the porphyroblastic garnet may have formed during prograde evolution, as indicated by the bell-shaped Mn zoning (Fig. 6d) , and the atoll-like garnet may indicate another growth process at the expense of kyanite and an unknown mineral.
Kyanite porphyroblasts, 0Á2-0Á6mm across, are sequentially enclosed by coronas of garnet and plagioclase (Fig. 5a, b) . Perthite grains, 0Á1-0Á5 mm across, are occasionally surrounded by garnet atolls, showing reintegrated ternary feldspar compositions of X 
and defined accordingly for X Prp , X Grs and X Sps . (b) and (c) show the zoning profiles of X Mg (¼ Mg/(Fe 2þ þ Mg)) and Ti (p.f.u.) variation of the garnet porphyroblast from sample A761. The detection limit for Ti in garnet is 200-300 ppm. Labels A to E correspond to those shown in Table 3. ( Table 2 ). Plagioclase occurs around atoll-like or coronate garnet (Fig. 5b ) and in the rock matrix with X PI An ¼ 0Á20-0Á30, or as fine-grains (<0Á05 mm) with spinel and corundum, forming aggregates along the boundaries between kyanite and garnet coronas (Fig. 5b, c ) with higher X PI An ¼ 0Á45-0Á48 (Table 2) . Biotite grains with cuspate shapes are 0Á05-0Á2 mm across and distributed along grain boundaries close to garnet or enclosing aggregates of spinel and corundum (Fig. 5d, e) , indicating late growth. Biotite has 1Á61-2Á58 wt % TiO 2 and an X Mg of 0Á52-0Á67. A few quartz or K-feldspar films with cuspate shape are present along grain boundaries, and are interpreted to record late crystallization from melt (Fig. 5e) .
Four generations of mineral assemblages can be recognized in A761 on the basis of the petrographic observations above. The first generation (I) is represented by the core-mantle sections of the garnet porphyroblasts, probably with kyanite, perthite, quartz and rutile, where the core and mantle are interpreted to represent different metamorphic stages, named as I-a and I-b. The second generation (II) is represented by the growth of atoll-like garnet (II-a) and plagioclase (II-b), probably with the rims of the garnet porphyroblasts, kyanite, perthite, quartz and rutile. The third generation (III) involves the localized development of the spinel, corundum and, or, plagioclase aggregates. The fourth generation (IV) is characterized by the presence of biotite, along with what are inferred to be the late crystallization products from a silicate liquid. A summary of the four generations of mineral assemblages is shown in Fig. 8 .
In addition, some exsolution textures are found in garnet and titanite from another low-Ca felsic granulite sample A1520, which show similar mineral assemblages to those in A1501. The exsolution in garnet is characterized by oriented rutile and ilmenite needles of a few hundred nanometres to tens of micrometres in length (Fig. 5f) , and in titanite two groups of amphibole þ ilmenite and quartz rods are observed (Fig. 5g) , suggesting a former presence of supersilisic titanite similar to the reported in Liu et al. (2004) .
PHASE EQUILIBRIA MODELLING
To constrain the P-T evolution of the felsic granulites, a series of pseudosections were calculated for samples A761 and A1501 in the system NCKFMASHTO (Na 2 OCaO-K 2 O-FeO-MgO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 -Fe 2 O 3 ) using THERMOCALC 3Á40 (Powell & Holland, 1988) with the latest internally consistent thermodynamic dataset, ds62, of Holland & Powell (2011) . The minor amount of MnO is neglected in the phase modelling because it mainly occurs in garnet and has little influence on the phase relations, especially for high-grade rocks (Mahar et al., 1997; Wei et al., 2004) . The a-x models are those for garnet (White et al., 2014) , omphacite & clinopyroxene (Diener & Powell, 2012) , hornblende (Green et al., 2016) , ternary feldspar (Holland & Powell, 2003) , cordierite, muscovite, biotite, orthopyroxene and silicate melt (White et al., 2014) and ilmenite (White et al., 2000) . Stishovite, hollandite, wadeite, K-cymrite, coesite, kyanite, rutile, quartz and sillimanite are treated as pure end-member phases. The bulk compositions for the calculations are summarized in Table 3 , where the O (Fe 2 O 3 ) and H 2 O values were adjusted using P-M O / W(H 2 O) diagrams to ensure that the final-phase assemblages were stable just above the solidus (e.g. Korhonen et al., 2012 Korhonen et al., , 2013 .
P-T pseudosection for A1501
The P-T pseudosection is presented in Fig. 9a and the mode variation of the main minerals is shown in Fig. 9b . The P-T pseudosection is contoured with isopleths of X Grs (¼ Ca/(Fe 2þ þ Mg þ Ca)) and X Prp in garnet, X Per An and X Per Ab in K-feldspar and X PI An in plagioclase for relevant mineral assemblages. The modelled mode variation in Fig. 9b suggests that garnet growth did occur in the assemblage bounded by the solidus and the omphacite-out line (eclogite facies conditions, e.g. 2Á8-2Á5 GPa/1000 C), at the expense of kyanite and omphacite, which is responsible for the formation of Fig. 9 . (a) The P-T pseudosection with proposed P-T path (the darker shaded arrow), and (b) the variation of mineral modes and reactions calculated from 3Á0 GPa to 1Á4 GPa at 1000 C for sample A1501. The pseudosection is shown with isopleths of X Grs , X Prp and mode of garnet, X Per An and X Per Ab in perthite and X PI An in plagioclase for the relevant assemblages. K-feldspar is distinguished based on an albite content of <15 mol %, which corresponds to the P-T conditions of the higher pressure assemblages (I); perthite with a higher albite content > 15 mol % is present in the lower pressure assemblages (II). The composition used for modelling is listed in Table 3 . The mineral abbreviations of Ab and An in (b) represent the albite and anorthite end-members in perthite.
atoll-like or coronate garnet around kyanite in the second generation of assemblage (II-a). Thus, the observed first generation of assemblage (I), characterised by porphyroblastic garnet (core), kyanite and perthite, is predicted to be stable above the solidus, where omphacite and muscovite is predicted to be present. The 'perthite' here is calculated to contain X Per An < 0Á01 and X Per Ab < 0Á15, which is actually a K-feldspar instead of perthite. An abrupt increase in the albite component in perthite is predicted to occur during the subsequent evolution below the solidus, resulting in the formation of actual perthite (Fig. 9b) .
The observed second generation of assemblage (II-b), marked by the appearance of plagioclase, together with kyanite, perthite, quartz and rutile, is predicted to be stable over a wide P-T range of 1Á0-2Á3 GPa and 800-1090 C (Fig. 9a) . For the temperatures of interest ($1000 C), there is a transitional assemblage between the omphacite-out and plagioclase-in lines, where the metamorphic evolution with decompression is modelled to be controlled by the reaction ky þ g þ q ¼ liq þ per (mainly the anorthite component) (Fig. 9b) C. Isopleths of X Grs and X Prp in garnet have very low dP/dT with X Prp increasing but X Grs decreasing as pressure decreases. The measured X Prp (0Á17!0Á18!0.20) and X Grs (0Á22!0Á20!0Á12) from garnet core to rim indicate declining pressure, respectively, of 2Á5!1Á9 GPa, and 2Á25!1Á65 GPa at a fixed temperature of 1000 C. The X PI An isopleths for plagioclase also have very low dP/dT, with values increasing as pressure drops, and the measured zoning with increasing X PI An (0Á22!0Á26) suggests a pressure decrease similar to that defined by X Grs in garnet. The measured higher X PI An (0Á26!0Á34) values in plagioclase may be associated with further decompression, i.e. from kyanite-stability to sillimanitestability in Fig. 9a . However, it is more likely that they represent the effects of localized equilibration involving distinct bulk compositions. A P-X(An) diagram was calculated at 1000 C (Fig. 10a) to illustrate the dependence of the mineral equilibria on CaO content, where X(An) ¼ 0 represents the bulk composition of sample A1501 used in Fig. 9 and X(An) ¼ 1 (not shown in Fig. 10a) represents the composition of pure anorthite. This figure indicates that X PI An increases dramatically as the CaO content of the rock increases and the higher of the measured higher X PI An values (e.g. X PI An ¼ 0Á34) can be produced at elevated pressures above 1Á5 GPa for localized domains with higher CaO content (e.g. X(An) ¼ 0Á03).
In as much as the fine-grained aggregates of spinel and corundum (III) could be the products of localized reaction between kyanite and garnet, we calculated another P-T pseudosection in the system NCKFMAS based on a reintegrated composition (Table 3) with relevant minerals (Fig. 10b) . As shown in Fig. 10b , there is no stable reaction between garnet and kyanite as it occurs in the sillimanite field at 0Á8-1Á0 GPa at a temperature of 900-1000 C (Fig. 10b) . The metastable reaction between garnet and kyanite which produces spinel and corundum with or without plagioclase could have occurred at 0Á3-0Á4 GPa and a temperature of 900-1000 C, suggesting rapid exhumation from the HP granulite facies to LP granulite facies conditions.
As a consequence, a decompression path from > 2Á8 to 1Á4 GPa, and further to 0Á3-0Á4 GPa at a temperature of $1000 C can be well constrained from the observed three generations of assemblages, although all the compositions for garnet (even cores) and perthite are predicted to indicate P-T conditions for the II-b assemblages.
P-T pseudosections for A761 Metamorphic evolution recovered from the second to fourth generations of assemblages (II-IV)
Given that the garnet porphyroblasts in A761 show pronounced zoning, the phase modelling was started from the observed second generation of assemblages (II-a/b), using an effective bulk-rock composition determined by subtracting garnet core and mantle ($20 vol. %) from the The P-T pseudosection calculated for the local presence of spinel and corundum in sample A1501 using the effective bulk-rock composition given in Table 3 . Other details are the same as those in Fig. 9 . (Table 3) , was used for modelling. Mineral assemblages for a few narrow areas in the pseudosection are not shown, but they can be inferred from surrounding assemblages. Other details are the same as those in Fig. 9 . measured bulk-rock composition (Table 3 ). The calculated P-T pseudosection is shown in Fig. 11a and the modal variation of the main minerals is shown in Fig. 11b . Similar to that for A1501, garnet growth is predicted to occur in the assemblage bounded by the solidus and the omphacite-out line (2Á8-2Á4 GPa/1000 C) at the expense of kyanite and omphacite, responsible for the formation of garnet atolls or coronas around kyanite in the second generation of assemblage II-a. Thus, in the observed first generation of assemblage (I), characteristic of porphyroblastic garnet (core and mantle), kyanite and perthite are predicted to be stable in a P-T range The P-T pseudosection is calculated using the effective bulk-rock composition from Table 3 to show the crystallization processes of melt at low pressures for sample A761. C. The pseudosection is calculated using an effective composition generated by subtracting the composition of the garnet core from the measured bulk-rock composition (Table 3) , with an H 2 O content varying from 0 to 2Á54 wt %. The pseudosection is shown with isopleths of X Grs and X Prp in garnet and the melt mode for relevant mineral assemblages. (b) The P-T pseudosection for constraining the metamorphic evolution around the peak stage for sample A761. The pseudosection was calculated using an effective bulk-rock composition generated by subtracting the composition of the garnet cores from the measured bulk-rock composition, for H 2 O contents of 0Á6 wt %. Isopleths of X Grs and X Prp with values of 0Á31-0Á38 and 0Á16-0Á20, respectively, measured from the garnet mantle define a wide P-T range of 3-7 GPa and 700-1100 C (light shaded area). The modal variation of garnet is also shown.
Fig. 14. (a)
A P-T pseudosection showing the proposed P-T path (darker shaded arrow) and (b) the variation of mineral modes and reactions calculated along the vector from 0Á8 GPa/520 C to 1Á8 GPa/670 C for sample A761, showing the prograde metamorphic evolution recovered from the core domains of garnet. The pseudosection was calculated using the measured bulk-rock composition with an H 2 O content of 0Á6 wt % (Table 3) . The pseudosection is shown with isopleths of X Grs , X Prp and mode of garnet. Other details are the same as those in Fig. 9. above the solidus in the omphacite-and muscovitebearing assemblages. The observed second generation of assemblage II-b is predicted to be stable over a P-T range of 1Á5-2Á2 GPa and 820-1100 C, bounded by the appearance of plagioclase and disappearance of kyanite on the upper and lower-pressure limits. As we noted above, a transitional assemblage between the omphacite-out and plagioclase-in lines is involved in the II-b stage, as indicated by the dotted arrow in Fig. 11a, b . The integrated X Per An of 0Á03-0Á04 in perthite defines a temperature estimate of 970-1040 C in the plagioclasebearing assemblage (II-b). The measured X PI An of 0Á20-0Á30 in the matrix plagioclase indicates a pressure drop from 2Á1 to 1Á9 GPa at a fixed temperature of 1000 C. Only part of the measured garnet compositions from the rim of porphyroblasts (R1a & R2a in Fig. 6d ), i.e. X Grs (0Á31-0Á21) and X Prp (0Á28-0Á31), can be plotted in the P-T range of the II-b stage. The lower X Grs (0Á21-0Á06) and higher X Prp (0Á31-0Á33) in the outer rim (R1b & R2b in Fig. 6d ) and atoll-like grains seem to suggest further decompression in the kyanite-absent assemblages to P < 0Á9 GPa. As this prediction contradicts the presence of kyanite observed in II-b assemblages, an alternative possibility is that the garnet outer rims and atoll-like grains with lower X Grs and higher X Prp can be attributed to decreasing Ca/Grs content in garnet-present domains for the growth of plagioclase as suggested by the calculated reaction of g þ ky þ per þ q ¼ pl þ liq in Fig. 11b . To evaluate this, we calculated a P-X(Grs) pseudosection (Fig. 12a) . This shows that the stability of the kyanitebearing II-b assemblage will be expanded to lower pressure conditions with decreasing X(Grs), and that the garnet outer rim compositions of lower X Grs and higher X Prp (e.g. X Grs ¼ 0Á06 and X Prp ¼ 0Á33) are consistent with pressures mostly greater than 1Á4 GPa in kyanite-bearing fields.
Similar to sample A1501, the observed third generation of assemblages (III) of sp þ cor 6 pl in A761 are attributed to the metastable reaction between garnet and kyanite at 0Á3-0Á4 GPa (900-1000 C) after the rapid uplift from the HP granulite field to shallow crustal conditions. As the observed fourth generation of assemblage (IV) of biotite, quartz and feldspar is interpreted to have formed from later melt crystallization, we calculated a P-T pseudosection using the melt composition at 2Á0 GPa/1000 C in Fig. 11 (with addition of minor ilmenite; for the composition see Table 3 ) to explain the cooling evolution of melt after the formation of assemblage III in the shallow crust. As shown in Fig. 12b , the crystallization of plagioclase and biotite from melt occur at $1000 C and 800 C, respectively, followed by the release of water and crystallization of K-feldspar and quartz close to the water-saturated solidus at $680 C.
Metamorphic evolution recovered from the first generation of assemblages (I)
As the observed first generation of assemblages (I-b) represented by the compositions measured in garnet mantle domains in sample A761 do not match the relevant assemblages in Fig. 11 , we calculated a P-W(H 2 O) pseudosection at 1000 C (Fig. 13a) to investigate the influence of fluid abundance on phase equilibria using the bulk compositions excluding the garnet core domains (Table 3 ). Figure 13a shows that the supra-solidus assemblages within the quartz-stability fields are chiefly controlled by pressure changes. The lower-pressure limit of omphacite at 2Á4-2Á6 GPa is almost independent of H 2 O content, but the upper-pressure limit of plagioclase declines subtly with increasing H 2 O. The proportion of melt is predicted to increase with increasing H 2 O content and decreasing pressure. However, the subsolidus mineral assemblages, mostly within the coesitestability field, are predominately controlled by H 2 O content, with kyanite breakdown at W(H 2 O) %1Á0 wt % and K-feldspar breakdown at W(H 2 O) %1Á85 wt %. At pressure above 6Á3 GPa, wadeite replaces K-feldspar through the reaction ksp ¼ ky þ coe þ wa. To take into account of the observation that kyanite preceded the coronate garnet ( Fig. 5a-c) formed in the supra-solidus eclogite assemblage (II-a), it is reasonable to infer that the waterabsent kyanite-bearing assemblages of g þ ky þ ksp/wa þ o þ mu (þ coe þ ru) may represent the peak assemblages of the felsic granulite. The measured garnet mantle compositions of X Grs ¼ 0Á31-0Á38 and X Prp ¼ 0Á16-0Á20 in the mantle domains (Fig. 6d ) plot in the field of water-absent kyanite-bearing assemblages (Fig. 13a) , constraining the possible peak pressure conditions (>4-5 GPa) and H 2 O contents (<1Á0 wt %).
To better define the peak P-T conditions of the felsic granulite (A761), we calculated a P-T pseudosection (Fig. 13b ) using an effective bulk-rock composition calculated by excluding the components in cores of the garnet grains (Table 3 ). An H 2 O content of 0Á60 wt % was used here, which equals that which just saturates the mineral assemblage immediately sub-solidus at 0Á2 GPa for the composition of A761 (Fig. 14) . The pseudosection (Fig. 13b) indicates that the possible peak assemblages of g þ ky þ ksp/wa þ o þ mu (þ coe þ ru) are stable over a wide P-T range across the whole pressure field of coesite stability (3Á0-7Á0 GPa at 1000 C) and from 600-1220 C, with the high-temperature limit defined by the solidus below 6.1 GPa and the appearance of K-cymrite replacing phengitic muscovite at higher pressures. The measured X Prp and X Grs in garnet mantles (M1/2 in Fig. 6d ) are consistent with P-T conditions of 3-7 GPa/700-1100 C in Fig. 13b . The metamorphic reactions with increasing P-T conditions along the possible prograde path in Fig. 13b (shaded arrow) are the barometer reaction of diopside þ muscovite ¼ grossular þ pyrope þ celadonite in Krogh Ravna & Terry (2004) , resulting in slight garnet growth at the expense of omphacite. Along the possible decompression path, the metamorphic evolution is mainly controlled by the reverse reaction of that in the prograde path at pressures > 3Á5 GPa, but by the growth of K-feldspar at the expense of omphacite and garnet at pressures < 3Á5 GPa (Fig. 11b) .
As the observed first generation of assemblages (I-a) represented by the compositions in the core domains of porphyroblastic garnet may reflect an earlier prograde evolution, a P-T pseudosection (Fig. 14a) was calculated using the measured bulk-rock composition in Table 3 to model the growth of garnet core domains. The measured zoning, involving increasing X Prp (0Á07!0Á16) from C1/2 in Fig. 6d , is predicted to be related to P-T conditions increasing from $0Á75 GPa/ 510 C to $1Á3 GPa/600 C, across the P-T fields from plagioclase-bearing assemblages (HP amphibolite facies) to the omphacite and plagioclase-bearing assemblages (the transition between HP amphibolite facies and eclogite facies). The measured X Grs involves an initial increase and then a decrease (0Á40!0Á42!0Á38) in C1 and a decrease (0Á40!0Á36) in C2 that are roughly consistent with the P-T evolution from HP amphibolite facies to eclogite facies, but mostly suggests a pressure increase in the omphacite-bearing equilibria. Reflecting the modal variations shown in Fig. 14b , the metamorphic reactions in the HP amphibolite facies before omphacite appearance can result in pronounced garnet growth (7!15 mol %), but the reactions in the omphacite and plagioclase-bearing assemblages may cause consumption of garnet (15!13 mol %). The following metamorphic evolution in the assemblages after plagioclase-out can cause slight garnet growth by consuming K-feldspar (Fig. 14b) , which is actually the component reactions of albite in K-feldspar þ diopside in omphacite þ kyanite ¼ jadeite in omphacite þ grossular in garnet þ quartz.
ZIRCON U-PB DATING
In order to constrain the timing of the metamorphic event, sample A1501 was selected for zircon dating. Zircon grains were separated by standard heavy liquid and magnetic separation, followed by hand-picking under a binocular microscope. Selected grains were mounted in epoxy resin, polished down to expose the grain center, photographed in transmitted and reflected light, and imaged using cathodoluminescence (CL). Uranium-Pb isotopic ratios and trace element concentrations were measured at Peking University using an Agilent 7500c ICP-MS system connected to a 193 nm ArF Excimer laser system (COMPexPro 102) with an automatic positioning system. Zircon 91500 was used as a standard and the standard silicate glass NIST was used to calibrate the instrument. Elemental concentrations of U, Th and Pb were calibrated using 29 Si as an internal calibrant and NIST 610 as an external reference standard. U and 207 Pb/ 235 U ratios and apparent ages were calculated using GLITTER 4Á4 (Van Achterbergh et al., 2001) . Age calculations and Concordia plots were made using Isoplot (ver. 3Á0, Ludwig, 2003) . The data and results are listed in Supplementary Data Table S1 ; supplementary data are available for downloading at http://www.petrology. oxfordjournals.org.
Most zircon grains are 100-200 lm across, with length/width ratios of 1Á5-2Á0, and can be divided into three types based on CL images (Fig. 15a) . Type I zircons have distinct core and rim textures (Fig. 15a) . Zircon cores have well-developed concentric growth zonation indicative of a magmatic origin. Zircons rims are homogeneous or have weak fir-tree zoning of variable width, which is interpreted to reflect the thermal modification of the original magmatic grain (Hanchar & Miller, 1993; Corfu et al., 2003) . Type II zircons show well-developed concentric growth zonation similar to that of the cores in Type I. Type III zircons show typical fir-tree or sector zonation indicative of a metamorphic origin (Fig. 15a) . A few quartz, K-feldspar and melt inclusions can be observed in the metamorphic zircons. A total of 30 spots on 23 zircon grains were analysed with data presented graphically in concordia diagrams (Fig. 15b) . Thirteen analyses of metamorphic zircons from Type III and rims from Type I have similar chondrite-normalised trace element patterns, characterized by lower HREE content and moderately negative Eu anomalies (Fig. 15c) ; these zircons give a nearconcordant cluster with a weighted mean 206 Pb/ 238 U age of 500Á1 6 2Á7 Ma (MSWD ¼ 0Á78). Twelve analyses of the magmatic zircons from Type II and cores of Type I have higher HREE contents and pronounced negative Eu anomalies; these zircons yield a near-concordant cluster with a weighted mean 206 Pb/ 238 U age of 891Á2 6 9Á6 Ma (MSWD ¼ 3Á20).
DISCUSSION AND CONCLUSIONS

Metamorphic evolution
Petrographic observations, mineral compositions and phase equilibria modelling indicate that the metamorphic evolution of felsic granulites from the South Altyn Tagh (Fig. 16 ) involves four stages: an early prograde stage of HP amphibolite to eclogite facies recovered from garnet core domains (I-a); the peak UHP stage recovered from garnet mantle domains (I-b); a decompression from eclogite facies (II-a) to HP-UHT granulite facies conditions (II-b); a rapid decompression to LP granulite facies conditions (III); and an isobaric cooling stage (IV).
The prograde stage from HP amphibolite to eclogite facies and peak UHP stage A pre-peak prograde stage was defined by the zoning in garnet core domains from sample A761 (Fig. 14) , which gives a P-T vector from $0Á75 GPa and 510 C to $1Á3 GPa and 600 C, across the P-T fields from HP amphibolite facies to eclogite facies. Garnet growth was modelled to mainly occur in the HP amphibolite facies, followed by a slight consumption. The garnet growth in the assemblages after plagioclase-out is predicted to be very slow.
Evidence for the peak UHP eclogite stage is possibly preserved by chemical zoning in garnet mantles from sample A761. As shown in Fig. 13 , the compositional isopleths from garnet mantles are consistent with the peak mineral assemblages of g þ ky þ ksp/wa þ mu þ o (þ coe þ ru) at relatively low H 2 O content (<1Á0 wt %) without a free fluid phase, matching a broad range of P-T conditions of 3-7 GPa and 700-1100 C across the stability field of coesite. The peak pressures are well supported by the mafic-ultramafic rocks that are coherently interlayered with the felsic granulites within the Bashiwake area. For instance, a garnet clinopyroxenite was estimated to reach $7Á0 GPa based on 3-5 vol.% clinopyroxene exsolution in garnet (Liu et al., 2005) ; and a garnet peridotite was estimated to show peak P-T conditions of 4Á2-6Á0 GPa/920-990 C based on garnet-clinopyroxene and clinopyroxene-orthopyroxene thermobarometry, where the Al 2 O 3 in orthopyroxene is about 0Á36-0Á40 wt % (Wang et al., 2011) . In addition, the exsolution textures, including monazite þ (Cu x Fe 1-x )S in apatite from sample A1501 (Fig. 4f) , rutile þ ilmenite in garnet (Fig. 5f ) and amphibole þ ilmenite þ quartz in titanite (Fig. 5g ) from sample A1520, are also consistent with UHP conditions (e.g. Carswell et al., 1996; Zhang & Liou, 1999; Ye et al. 2000; Mposkos & Kostopoulos, 2001; Liu et al., 2004; Broska et al., 2014; Hermann & Rubatto, 2014) .
The decompression from eclogite facies to HP-UHT granulite facies
The post-peak decompression was assumed to be preceded by UHP conditions, consuming a small amount of garnet, as suggested in Fig. 13b , which is rarely recorded in the rocks. The well-preserved textural relations characterized by the coronate or atoll-like garnet surrounding kyanite and perthite (II-a) in the felsic granulites are predicted to reflect decompression within the eclogite facies from 2Á8 to $2Á4 GPa at 1000 C (Figs 9 and 11), with a pronounced growth of garnet at the expense of kyanite and omphacite. The subsequent evolution in HP-UHT granulite facies can be defined from the observed second generation of assemblages (II-b) of g þ ky þ per þ pl (þ q þ ru þ liq). The P-T conditions are recovered to be 2Á5-1Á4 GPa and 1000-1090 C using X Per An in perthite, X Grs/Prp in garnet and X PI An in plagioclase for A1501, and 2.4-1Á75 GPa and 970-1040 C for A761. The presence of chemical zoning in garnet and plagioclase, and the development of corona/ atoll textures, indicate that the HP granulite assemblages did not fully equilibrate. This can be indicated by the CaO-enrichment in plagioclase-forming domains (Fig. 10a) and CaO-impoverishment in garnetconsuming domains. Thus the measured compositions of X Prp and X Grs in garnet rims and atolls and the higher X Table S1 . For details of Type I, II and III zircon see the text. 11b). Using the ternary feldspar thermometer of Nahodilová et al. (2011) , the temperature conditions for the felsic granulites are estimated to be $990-1050 C for samples A1507 and A1520 (see Supplementary Data  Table S2 and Fig. S1 ), the same as those defined from the pseudosections. In addition, the felsic granulites were also estimated to show UHT conditions of $890-977 C (ave. 950 C) and 892-1002 C (ave. 926 C) at a pressure of 2Á0 GPa using Zr-in-rutile and Ti-in-zircon thermometers, respectively Zhang et al., 2014) . The P-T results for felsic granulites from the South Altyn Tagh are also comparable to those from the Bohemian Massif (Rö tzler & Romer, 2001; Rö tzler et al., 2004; O'Brien, 2006 O'Brien, , 2008 Kotková & Harley, 2010) .
The rapid decompression to LP granulite facies and isobaric cooling stage
The post HP-UHT granulite decompression has been considered to be isothermal and very fast, based on the preservation of kyanite and garnet zoning (Mü ller et al., 2015) . The observed third generation of assemblages (III) marked by micro-grained aggregates of sp þ cor 6 pl Fig. 16 . A P-T diagram showing the P-T evolution of the felsic granulites from the South Altyn Tagh, including: an early prograde HP amphibolite stage (I-a) and a peak UHP eclogite stage (I-b) over a wide range of P-T condition of 3-7 GPa/700-1100 C; post-peak decompression to eclogite facies (II-a) and further to the HP-UHT granulite stage (II-b) with slightly different P-T ranges recovered for samples A1501 and A761; rapid decompression to LP granulite stage (III) and a subsequent isobaric cooling stage (IV). For a comparison, the P-T paths or peak conditions of comparable rocks are also shown, including those of the garnet-clinopyroxene granulites from the Bohemian Massif (HK16) from Haifler & Kotková (2016) , and felsic granulites (Z05) from Zhang et al. (2005) , UHP eclogites (L12) from Liu et al. (2012) , garnet peridotites (W11) from Wang et al. (2011) , garnet clinopyroxenites (L05) from Liu et al. (2005) and pelitic gneisses (L07) from Liu et al. (2007) from the South Altyn Tagh. The numbers (2Á89-4Á18) next to small circles represent the densities (g/cm 3 ) calculated for sample A761 at different P-T conditions, following the method of Chen et al. 2013 . Geotherms for cold subduction, hot subduction and normal mantle are indicated (Akaogi et al., 1989; Aoki & Takahashi, 2004) . The wet granite solidus and anhydrous granite solidus are adapted from Huang & Wyllie (1973) and Stern et al. (1975) . The muscovitein line is after Auzanneau et al. (2006) . Phase transitions and reaction curves of ky/sill, coe/q, dia/gph and ksp ¼ wa þ ky þ coe were calculated using THERMOCALC 3Á40 (Powell & Holland, 1988) . Metamorphic facies variations are modified from Brown (2014) and abbreviations are: AM, amphibolite facies; GN, granulite facies; HGN, high pressure granulite facies; EC, eclogite facies; UHP, ultrahigh pressure eclogite facies. The pressure to depth conversion is based on an average density of $2700 kg/m 3 (depths <100 km) and $3400 kg/m 3 (depths >100 km).
(Figs 4a, 5c) is predicted to be derived from a metastable reaction between kyanite and garnet at $0Á3-0Á4 GPa and 900-1000 C (Fig. 10b ). These observations do not support the decompressive cooling paths in the kyanite-stability fields for interpreting the preservation of kyanite in felsic granulites (e.g. Zhang et al., 2005; Fig. 16 ).
The subsequent P-T paths after the rapid decompression are interpreted to be dominated by cooling, as indicated by the observed fourth generation of assemblages (IV) consisting of quartz, feldspar and biotite in the rock matrix enclosing garnet and spinel in sample A761. These assemblages can be produced by the crystallization of a silicate liquid formed by partial melting at HP-UHT granulite facies conditions, recording watersaturated solidus conditions at $680 C /0Á3 GPa (Fig. 12b) .
Thus, a complete P-T path can be constructed (Fig. 16) , involving a possible prograde evolution to the peak UHP eclogite facies conditions, post-peak isothermal decompression to the eclogite facies and further to the HP-UHT granulite facies, and the subsequent rapid decompression to LP granulite facies and late isobaric cooling evolution, which indicate the subduction and exhumation processes of a continental slab. This P-T path is different from that of coesite-bearing eclogites that occur as lenses in the extensive amphibolite facies gneisses (Liu et al., 2012) .
Garnet zoning and fluid behavior during subduction and exhumation of felsic rocks
Garnet in the felsic granulites has pronounced elemental zoning marked by a core to rim increase in X Prp ; in high-Ca rocks (A761) garnet develops more complex zoning than in low-Ca rocks (A1501). As shown in Fig. 6 , the rim zoning of garnet marked by increasing X Prp and X Alm (or X Sps ), but decreasing X Grs , can be attributed to the decompression-triggered metamorphic reactions within the HP granulite assemblages (II-b), which are predicted to be g þ ky þ q ¼ per þ liq and g þ ky þ per þ q ¼ pl þ liq (Figs 9b, 11b) . The decease of X Grs is predicted to result from the formation of plagioclase, with the zoning involving increasing X PI An , and the increase of both X Prp , X Sps and X Alm related to a reduction of garnet mode without forming other ferromagnesian phases, which is actually a resorption zoning. This zoning reflects domainal equilibration and particular care is required to evaluate effects of Ca diffusion. As garnet grains in the high-Ca rocks (A761) are much larger and occur in a greater mode than in the low-Ca rocks (A1501), it is plausible that they were less modified during the granulite stage. Hence, the chemical zoning in garnet cores and mantle domains in the high-Ca rocks could be better preserved, indicating the earlier metamorphic evolution prior to the HP granulite facies stage. For A761, the chemical zoning measured in the cores and mantles of garnet is predicted to indicate metamorphic evolution during the pre-peak prograde stage in the plagioclase-bearing assemblages of the HP amphibolite facies, and the peak stage of UHP eclogite facies under fluid-absent conditions.
As the phase equilibria modelled for the prograde and peak stages (Figs 13, 14a) are highly dependent on H 2 O content, the P-T evolution recovered will be displaced for different bulk-rock H 2 O contents. For instance, the compositions measured in garnet mantles may indicate lower pressure conditions in the kyaniteabsent assemblages with higher H 2 O contents as shown in Fig. 13a . However, high H 2 O contents will be associated with the production of a large proportion of melt (e.g. 20 mol % at H 2 O ¼ 1Á00 wt % and 30 mol % at H 2 O ¼ 1Á60 wt %) during decompression to, for example, 2Á0 GPa (at 1000 C), and results in the disappearance of kyanite in the sub-solidus assemblages at higher pressures. This is inconsistent with field and petrographic observations that the extent of melting was limited (<5-10 %) in the HP-UHT granulite stage and that kyanite should be present in the UHP stage (Figs 4, 5, 8) . Moreover, a lack of fluid and the limited presence of silicate melt during metamorphism are also in agreement with the zircon characteristics, whereby magmatic cores survived and metamorphic overgrowths are very limited on most zircon grains (Fig. 15) in contrast to the case in many UHT granulites (e.g. Baldwin et al., 2007; Li & Wei, 2016) . Thus, it is reasonable to assume that the felsic rocks were fluid-absent during most of their subduction and exhumation history, until their exhumation to meet the fluid-absent solidus at $ 2Á9 GPa when muscovite dehydrates (Fig. 16) . The water content of 0Á6 wt % used for the phase equilibria modelling for sample A761 equals that which just saturates the mineral assemblages immediately subsolidus at 0Á2 GPa for a granite with the same composition (Fig. 14a) .
The prograde P-T path shown in Fig. 16 will be dominated by garnet growth (>10 mol % for A761), occurring in the HP amphibolite facies below $1Á3 GPa, and the eclogite facies without plagioclase above $1Á6 GPa towards the peak UHP conditions, interrupted by slight garnet consumption (<3 mol % for A761) in the transitional assemblages with both plagioclase and omphacite present. Garnet growth would be principally controlled by the consumption of plagioclase and biotite in the HP amphibolite facies, and by omphacite and kyanite in the eclogite facies to UHP peak assemblages. In contrast, the exhumation section is predicted to be dominated by the consumption of garnet, occurring in the UHP eclogite facies under conditions above the solidus and in the granulite facies below 2Á5 GPa (II-b), interrupted by a garnet growth pulse in the eclogite assemblages (II-a) under supra-solidus conditions. The main garnet-consuming reactions were calculated to produce omphacite and kyanite in the UHP eclogite facies (I-b stage) and to form ternary feldspar and plagioclase in the HP granulite facies (II-b). The garnet growth within the eclogite assemblages (II-a) was calculated to be consume omphacite and kyanite, which can result in a mode step of 3Á6 mol % for A1501 and 7Á8 mol % for A761, responsible for the observed coronate or atoll-like garnet surrounding kyanite and perthite in most felsic granulite samples from the South Altyn Tagh.
It is worth mentioning that the two types of zoning in garnet as observed in samples A1501 and A761 have also been commonly reported in HP quartzofeldspathic granulites from many localities in the Bohemian Massif. The type of zoning similar to that in A1501 has been generally interpreted to represent decompression evolution mostly under HP granulite facies conditions or with some prograde relicts (e.g. Carswell & O'Brien, 1993; Rö tzler & Romer, 2001; O'Brien, 2006; Kotková , 2007; Stípská et al., 2010; Kotková & Harley, 2010; Taj cmanová et al., 2011) . The type of zoning like that in A761 has commonly been described in rocks with typical UHP indicators such as diamond (e.g. Perraki & Faryad, 2014; Haifler & Kotková , 2016) . Haifler & Kotková (2016) interpreted the zoning in the mantle-rim domains to reflect decompression in the HP-UHT granulite facies and the zoning in the core domains with diamond inclusions to indicate prograde evolution to UHP peak conditions at 4Á5-5Á0 GPa/1037-1117 C. As shown in Fig. 16 , their P-T path (HK16) is similar to the post-peak isothermal decompression to the eclogite facies and further to the HP-UHT granulite facies for the rocks from the South Altyn Tagh.
Significance of the age data
The zircon U-Pb ages measured for sample A1501 can be divided into c. 900 Ma and c. 500 Ma groups, which are interpreted, respectively, to reflect the ages of the magmatic protoliths and the metamorphism of the felsic granulites. The magmatic events at c. 900 Ma are considered to be related to the amalgamation of the Rodinia supercontinent, which are widespread in South Altyn Tagh (Gehrels et al., 2003; Zhang et al., 2011; Wang et al., 2013) and adjacent tectonic units (Song et al., 2012; Zhang et al., 2013) . The metamorphic age has been interpreted to represent the HP-UHT granulite stage . This interpretation seems to be consistent with the characteristics of metamorphic zircons that show flat HREE patterns and moderate negative Eu anomalies (Fig. 15b) , resulting from zircon growing in the presence of both garnet and plagioclase (Rubatto, 2002; Whitehouse & Platt, 2003) . Most metamorphic zircons exhibit relatively high Th/U ratios of 0Á33-0Á55 (Supplementary Data Table S1 ), indicative of the participation of syn-metamorphic anatectic melts (e.g. Roberts & Finger, 1997; Harley et al., 2007) , as observed in the rocks. As pointed out by Kelsey & Powell (2011) , metamorphic zircon in supra-solidus rocks can only record cooling with melt crystallization. Hence, we prefer to interpret that these metamorphic zircons were crystallized from melts during late-stage cooling at shallow crustal conditions (Fig. 12b) , consistent with the quartz þ K-feldspar þ melt inclusions observed in them. This interpretation is also supported by temperature estimates of 715-822 C from Ti-inzircon thermometry (Ferry & Watson, 2007) for metamorphic zircons at 0Á3 GPa, much lower than the peak temperatures of the felsic granulites.
Geodynamic implications
The UHP peak conditions of the felsic granulites can be constrained to 3-7 GPa and 700-1000 C on the basis of garnet-mantle compositions in fluid-absent and kyanitepresent assemblages of g þ o þ ky þ ksp/wa þ coe þ mu þ ru, consistent with a thermal regime of hot subduction (Aoki & Takahashi, 2004) . It is possible the continental slab represented by the HP-UHT granulites in the South Altyn Tagh may have subducted to depths of 120-200 km (Fig. 16) . Using the modelled equilibria, continental rocks with a granitic composition similar to A761 (approximately the average composition of the upper continental crust, Fig. 3b ) would have a density less than 2Á90 (g/cm 3 ) in the quartz-stability field and 3Á06-3Á27 in the coesite field (Fig. 16 ). If detached from the subducting slab, continental slices of lower density than that of the surrounding mantle peridotite ($3Á4 g/ cm 3 ) at the same depth (Irifune et al., 1994 ) may be exhumed due to the driving buoyancy force (Ernst, 2004; Sizova et al., 2012) . The rate of exhumation can be expected to slow down when the slices reached the base of the thickened continental crust of the upper plate ($80-90 km), allowing more time for a HP-UHT granulite stage such as that observed in the South Altyn Tagh.
Decompression after the HP-UHT granulite facies stage in the South Altyn Tagh is considered to be sufficiently fast to avoid the transformation of kyanite into sillimanite, and driven mainly by surface extension and erosion rather than buoyancy forces (Davies & von Blanckenburg, 1995; Little et al., 2011) . In addition, in order to avoid homogenization of the garnet zoning observed in this study, post-peak exhumation to shallow crustal levels ($0Á3 GPa) needs also to have occurred in a limited time. For instance, kinetic modeling of a lamellar garnet pyroxenite from the Variscan Granulitgebirge (Mü ller et al., 2015) showed that late exhumation and cooling could be expected to have been completed in $1 Myr and $10 kyr respectively.
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